Severe acute respiratory syndrome (SARS) is a highly contagious disease, caused by SARS coronavirus (SARS-CoV), for which there are no approved treatments. We report the discovery of a potent inhibitor of SARS-CoV that blocks replication by inhibiting the unwinding activity of the SARS-CoV helicase (nsp13). We used a Förster resonance energy transfer (FRET)-based helicase assay to screen the Maybridge Hitfinder chemical library. We identified and validated a compound (SSYA10-001) that specifically blocks the double-stranded RNA (dsRNA) and dsDNA unwinding activities of nsp13, with 50% inhibitory concentrations (IC 50 s) of 5.70 and 5.30 M, respectively. This compound also has inhibitory activity (50% effective concentration [EC 50 ] ‫؍‬ 8.95 M) in a SARS-CoV replicon assay, with low cytotoxicity (50% cytotoxic concentration [CC 50 ] ‫؍‬ >250 M), suggesting that the helicase plays a still unidentified critical role in the SARS-CoV life cycle. Enzyme kinetic studies on the mechanism of nsp13 inhibition revealed that SSYA10-001 acts as a noncompetitive inhibitor of nsp13 with respect to nucleic acid and ATP substrates. Moreover, SSYA10-001 does not affect ATP hydrolysis or nsp13 binding to the nucleic acid substrate. SSYA10-001 did not inhibit hepatitis C virus (HCV) helicase, other bacterial and viral RNA-dependent RNA polymerases, or reverse transcriptase. These results suggest that SSYA10-001 specifically blocks nsp13 through a novel mechanism and is less likely to interfere with the functions of cellular enzymes that process nucleic acids or ATP. Hence, it is possible that SSYA10-001 inhibits unwinding by nsp13 by affecting conformational changes during the course of the reaction or translocation on the nucleic acid. SSYA10-001 will be a valuable tool for studying the specific role of nsp13 in the SARS-CoV life cycle, which could be a model for other nidoviruses and also a candidate for further development as a SARS antiviral target.
S evere acute respiratory syndrome coronavirus (SARS-CoV) is responsible for the life-threatening viral respiratory illness known as SARS, which emerged from Southern China in November 2002 and spread to other parts of the world, including North America, South America, and Europe (50, 64) . There is currently no approved therapeutic agent for the treatment of SARS-CoV infections. Although SARS currently does not pose a public health threat, the likelihood of future occurrences of both SARS-CoV and related viruses necessitates continuous research for identification of antiviral therapies.
SARS-CoV contains a single-stranded, 5=-capped, polyadenylated positive-strand RNA genome that is ϳ29.7 kb long (40, 45) . The first open reading frame (ORF1a/b) encompasses about twothirds of the genome and codes for the replicase proteins (41) . Following a Ϫ1 frameshift signal, translation continues in ORF1b after initiation at ORF1a. The virally encoded chymotrypsin-like protease 3CL pro (also called M pro or main protease) and the papain-like protease (PLP) cleave (by autoproteolysis) the newly formed ORF1a and ORF1ab polypeptides, i.e., pp1a and pp1ab, respectively, into 16 nonstructural proteins, including an NTPase/ helicase that is known as nonstructural protein 13 (nsp13) . Helicases are potential targets for antiviral therapies, as they have been reported to be indispensable for viral genome replication (5, 7, 12, 16, 25, 52, 60, 63, 65, 70, 73) .
We previously performed a detailed biochemical characterization of SARS-CoV helicase (2) ; our results showed that this enzyme exhibits a kinetic step size of 9.3 bp/step, while unwinding nucleic acid at a rate of ϳ280 bp s Ϫ1 . It has also been shown that the SARS-CoV helicase possesses an RNA 5=-triphosphatase activ-ity that may be involved in capping of viral RNA (20) . Other studies have previously identified potential inhibitors of nsp13. Some of these inhibitors interfere with the unwinding and ATPase activities of nsp13 (23, 31, 62) . Such inhibitors may also interfere with the ATPase activity of cellular ATPase or kinases and affect cellular activities. A recent study reported that an aryl diketoacid compound selectively inhibited the duplex DNA unwinding activity of SARS-CoV nsp13. However, the effects of this compound on nsp13's unwinding activity toward double-stranded RNA (dsRNA) and the replication of SARS-CoV were not determined (31) .
Here we identified a potent inhibitor of nsp13 that inhibits the unwinding but not the ATPase enzymatic and nucleic acid binding activities of nsp13. We used a Förster resonance energy transfer (FRET)-based microplate screening assay to screen the Maybridge Hitfinder chemical library for potential inhibitors. Using biochemical analyses, we demonstrated that this compound, SSYA10-001, is a noncompetitive inhibitor of nsp13 with respect to its major substrates, namely, nucleic acids and ATP. Moreover, SSYA10-001 is an efficient inhibitor of viral replication, as demonstrated in a SARS-CoV replicon assay.
MATERIALS AND METHODS
Materials. The Maybridge Hitfinder chemical library of compounds (version 6) was purchased from Maybridge (Thermo Fisher Scientific, Cornwall, United Kingdom). Screening reactions were carried out in Microfluor 2 black U-bottom 96-well plates (Fisher Scientific). Compound hits were also purchased independently from Ryan Scientific Inc. (Mt. Pleasant, SC) for independent validation of the inhibition results. Synthetic oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA). Sequences of the DNA and/or RNA substrates are shown in Fig. 1 .
Concentrations were determined spectrophotometrically, using absorption at 260 nm and chemical extinction coefficients. For the screening assay, a fluorescein-labeled oligonucleotide was annealed with a black hole quencher (BHQ)-labeled oligonucleotide at a ratio of 1:1.2 in 50 mM Tris, pH 8.0, plus 50 mM NaCl by heating at 95°C for 5 min and cooling slowly to room temperature. For the gel-based assay, an unlabeled oligonucleotide was annealed to the corresponding 5=-Cy3-labeled 28-mer oligonucleotide under similar conditions to those described previously.
Cloning, expression, and purification of nsp13. The cloning, expression, and purification of nsp13 were performed as previously described (2) . Briefly, nsp13 was prepared with either a glutathione S-transferase (GST) or His 6 tag. GST-nsp13 was expressed in a baculovirus expression system and purified using glutathione Sepharose beads (Amersham Biosciences) followed by gel filtration using a Superdex 200 column (GE Healthcare) as we have described previously (2) . The inhibitors blocked the activity of both enzymes, with the same 50% inhibitory concentration (IC 50 ).
HCV NS3h protein expression and purification. The recombinant plasmid pET21-NS3HCV was provided by Charles Rice (Rockefeller University). Expression of hepatitis C virus (HCV) NS3h in Escherichia coli BL21(DE3) was induced with 1 mM isopropyl-1-thio-␤-D-galactopyranoside (IPTG) for 3 h at 37°C. The cells were harvested, and the cell pellet from a 1-liter culture was incubated with 40 ml lysis buffer (50 mM Tris-HCl, pH 7.8, 500 mM NaCl, 1 mM phenylmethylsulfonyl fluoride [PMSF], 0.1% NP-40, 1% sucrose, and 2 mg/ml lysozyme), sonicated, and centrifuged at 15,000 ϫ g for 30 min. The supernatant was diluted 2-fold in buffer A (50 mM Tris-HCl, pH 7.8, 1 mM PMSF, 4% streptomycin sulfate, and 10% sucrose), stirred on ice for 30 min, and centrifuged. The supernatant was loaded on a Ni-nitrilotriacetic acid (Ni-NTA) column, and bound proteins were washed with 20 ml buffer B (20 mM Tris-HCl,
FIG 1
Oligonucleotides and substrates used in this study. The Cy3-labeled strands are marked by asterisks. The sequences in green denote complementary sequences, while the sequences in black denote noncomplementary sequences. pH 7.5, 500 mM NaCl) and 5 mM imidazole, followed by 20 ml buffer B with 75 mM imidazole.
NS3h was eluted in 2-ml fractions with 20 ml buffer B containing 300 mM imidazole. Fractions with NS3h were pooled and further purified by size-exclusion chromatography (Superdex 75; GE Healthcare). The resulting protein was Ͼ90% pure as determined by SDS-PAGE with Coomassie blue staining. The protein was stored in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM dithiothreitol (DTT), and 5% glycerol at Ϫ80°C.
Dengue virus NS3 helicase protein expression and purification. The pDest17-H 6 -NS3 plasmid was obtained from Bruno Canard's laboratory at AFMB, Universités d'Aix-Marseille, France (6) , and the expression of His 6 -NS3 protein was performed in E. coli BL21(DE3)/pDNAy and purified as follows. A 1-liter culture of E. coli BL21(DE3)/pDNAy/pDest17-NS3 containing 100 g/ml ampicillin and 50 g/ml kanamycin was grown to an optical density at 600 nm (OD 600 ) of 0.5 at 37°C. Two percent ethanol was added to the culture, which was then induced with 50 M IPTG, chilled on ice for 2 h, and then incubated at 17°C overnight. Protein expression and purification were performed using Talon beads as described previously (61) . The protein was eluted with 25 mM HEPES, pH 7.0, 0.5 M NaCl, 200 mM imidazole, and 0.1% Triton X-100. It was further purified on a Superdex 75 10/300GL column (20 mM Tris-HCl, pH 6.8, 200 mM NaCl, 1 mM DTT, and 5% glycerol). Fractions containing the desired protein were concentrated and stored at Ϫ80°C.
KF-mediated E. coli expression and purification. Cloning, expression, and purification were performed as described elsewhere (58) . Briefly, Klenow fragment (KF) plasmid DNA (pET28-H 6 -KF) was used to transform E. coli CJ376. An overnight inoculum of the expression strain was added to 500 ml LB broth at 30°C. At an A 595 of 0.3, the incubation temperature was raised to 42°C to heat induce overproduction of the enzyme, and cells were grown for another 4 h. Cells were harvested, washed, and resuspended in cell lysis buffer (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 1 mM PMSF) containing 2 mg/ml lysozyme. Following sonication and centrifugation of the cell suspension (14,000 rpm for 30 min), the supernatant was passed through a DEAE column to remove DNA. The flowthrough was fractionated with ammonium sulfate, using 60 and 85% saturations. The pellet obtained with 85% ammonium sulfate was resuspended in 5 ml of buffer I (50 mM Tris-HCl, pH 7.0, 1 mM DTT, 1 mM EDTA), dialyzed overnight against 1 liter of the same buffer, and applied to a Bio-Rex 70 column prewashed with buffer I. The bound protein was eluted with a 50 to 500 mM linear gradient of NaCl in buffer I. Peak fractions (representing a 68-kDa protein on SDS-PAGE) were pooled, concentrated, buffer exchanged in 50 mM Tris-HCl, pH 7.0, 1 mM DTT, 100 mM NaCl, amended with 30% glycerol, and stored at Ϫ20°C. Expression, purification, and gel-based primer extension assay of MoMLV RT and FMDV 3D pol. Expression, purification, and gel-based primer extension assays of Moloney murine leukemia virus reverse transcriptase (MoMLV RT) and foot-and-mouth disease virus 3D polymerase (FMDV 3D pol) were carried out as we have described previously (14, 44) .
FRET-based screening assay using 96-well plates. The Maybridge Hitfinder chemical library of compounds was screened using a FRETbased assay. The chemical library was supplied as lyophilized films in 96-well plates. We used a Precision microplate pipetting system (BioTek, Winooski, VT) to suspend the compounds in 100% dimethyl sulfoxide (DMSO) to a final concentration of 10 mM (mother plates). From these plates, several sets of daughter plates, containing a 500 M concentration of each compound (in 100% DMSO), were generated and stored at Ϫ80°C. Helicase reactions to generate fluorescence were carried out in a 96-well format. Specifically, each well contained 25 l of a reaction mixture containing 20 mM HEPES, 20 mM NaCl, 0.01% bovine serum albumin (BSA), 2 mM DTT, 5% glycerol, 5 mM MgCl 2 , 50 nM nsp13, and 20 M inhibitor. The helicase reaction was initiated by the addition of 100 nM fluorescein-and black hole quencher-labeled dsDNA, 0.5 mM ATP, and a 2 M concentration of unlabeled single-stranded DNA (ssDNA) with a sequence complementary to that of the BHQ-labeled DNA strand. The reactions were allowed to proceed for 10 min at 30°C. The change in fluorescence (excitation wavelength, 495 nm; emission wavelength, 520 nm) was measured immediately with a Quanta Master QM-1 T-format fluorescence spectrometer (Photon Technology International, Princeton, NJ).
Gel-based helicase assay. Helicase activity was measured by preincubating 50 nM nsp13 or 100 nM HCV NS3h or dengue virus NS3 with various concentrations of the inhibitor compound (0 M, 2.5 M, 5 M, 10 M, 20 M, and 40 M), followed by incubation with 100 nM forked substrate (dsRNA or dsDNA), 31/18-mer nucleic acid (13 single-stranded bases plus 18 double-stranded bases [13ss:18ds]) (dsDNA or dsRNA), or SARS-CoV-specific dsRNA (with the longer strand designed from nucleotides [nt] 7281 to 7311 of the SARS-CoV genome) ( Fig. 1 ) in a reaction buffer containing 20 mM HEPES, pH 7.5, 20 mM NaCl, 1 mM DTT, 0.1 mg/ml BSA, 5 mM MgCl 2 , and 2 mM ATP at 30°C for 10 min for nsp13 (20) or in a reaction buffer containing 20 mM MOPS (morpholinepropanesulfonic acid)-NaOH, pH 7.0, 5 mM magnesium acetate, 5 mM ATP, and 0.1 mg/ml BSA at 30°C for 30 min for NS3h (33) . The reaction mixture also contained 2 M unlabeled 18-mer DNA/RNA as a trap. Reactions were quenched by the addition of an equal volume of loading buffer (100 mM EDTA, 0.2% SDS, and 20% glycerol). Unless otherwise indicated, reactant concentrations refer to the final concentrations in the reaction mixture. The released ssDNA or RNA product and unwound ds-DNA (or dsRNA) were resolved by 6% nondenaturing PAGE using a running buffer containing 89 mM Tris-borate, pH 8.2, and were run for 2 h at 4°C and 150 V. The control for measuring maximum unwinding was dsDNA denatured by heating for 5 min at 95°C and loaded immediately on the gel as suggested by Ahnert and Patel (2a) . In this and subsequent assays, the gels were scanned with a phosphorimager (FLA 5000; FujiFilm). The band intensities representing ssDNA/ssRNA and dsDNA/ dsRNA were quantitated using ImageQuant software (Pharmacia). The fraction of unwound DNA or RNA was plotted against the concentration of the compound (log), and the 50% effective concentration (EC 50 ) was determined by nonlinear regression using GraphPad Prism (GraphPad Inc.). Experiments were repeated at least three times.
ATP hydrolysis assay. ATP hydrolysis measurements were carried out under conditions similar to those used in the gel-based unwinding assays. nsp13 (50 nM) was preincubated with various concentrations of the inhibitor compound (0 M, 2.5 M, 5 M, 10 M, 20 M, and 40 M). Reactions were performed in a buffer consisting of 20 mM HEPES, pH 7.5, 20 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 0.1 mg/ml BSA, and 5% glycerol and were initiated with 5 M [␥-32 P]ATP. Samples were rapidly mixed at 30°C, and reactions were allowed to proceed for 10 s prior to quenching with 100 mM EDTA, 0.2% SDS, and 20% glycerol. Reaction products were separated by thin-layer chromatography on polyethyleneimine-cellulose F plates (Merck), using 0.5 M lithium chloride as the liquid phase, and were visualized by autoradiography. The fraction of hydrolyzed monophosphate (P i ) was quantitated using ImageQuant software (Pharmacia). Experiments were repeated at least three times.
DNA binding assay. To determine if the selected compound affected the binding affinity of nsp13 for nucleic acids, we performed gel mobility shift assays. We measured the binding of 60/40-mer (20ss:40ds) DNA substrates ( Fig. 1 ) at various concentrations of the inhibitor in a reaction mixture containing 25 nM nsp13, 20 mM HEPES, pH 7.5, 20 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 0.1 mg/ml BSA, and 5% glycerol at 30°C for 20 min. The concentration of 5=-Cy3-labeled dsDNA was 5 nM. Samples were electrophoresed at 100 V for 1.5 h at 4°C in a 6% nondenaturing polyacrylamide gel, using 89 mM Tris-borate, pH 8.2, as the buffer. Gels were scanned in a phosphorimager and quantitated by ImageQuant (Amersham Biosciences).
Enzyme kinetics. To determine the inhibition mode with respect to ATP (competitive or noncompetitive), we used a 96-well fluorescencebased assay to measure the effect of SSYA10-001 on the helicase activity of nsp13. Twenty-five-microliter reaction mixtures containing 50 nM nsp13, 20 mM HEPES, pH 7.5, 20 mM NaCl, 5 mM MgCl 2 , and various SSYA10-001 concentrations (0 to 20 M) were initiated by adding 100 nM fluorescein-and black hole quencher-labeled dsDNA. These reaction mixtures also included increasing amounts of ATP (0.0125 mM to 7.5 mM). To determine the inhibition mode with respect to nucleic acids, the fluorescein-and black hole quencher-labeled substrate concentrations were varied (0.01 M to 1 M) in the presence of 2 mM ATP and increasing amounts of SSYA10-001 (from 0 to 20 M). The reactions were allowed to proceed for 10 min at 30°C, and fluorescence was measured as described above. Assays were carried out in three independent experiments. Results were analyzed in Lineweaver-Burk graphs (1/V versus 1/[S] for various SSYA10-001 concentrations), and Dixon plots (1/V versus [SSYA10-001]) were used to determine the inhibitor K i from the x axis intercept (53) (GraphPad Prism 5.0; GraphPad Inc.).
Primer extension and strand displacement assay with Klenow fragment. The DNA template was annealed to a 5=-Cy3-labeled DNA primer and a third oligonucleotide, corresponding to the first 14 nucleotides of the DNA template at the 5= end ( Fig. 1 ; see Fig. 8 ). To monitor primer extension, a 10 nM concentration of DNA substrate (14ds:4ss:18ds DNA substrate) ( Fig. 1 ) was incubated with various concentrations of SSYA10-001 (0, 5, 10, and 20 M) or Pico green reagent (Invitrogen) (0ϫ, 1ϫ, 2ϫ, and 3ϫ, as directed by the manufacturer) in a buffer containing 50 mM Tris, pH 7.5, 50 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, and 5% glycerol. The reactions were initiated by the addition of 20 nM KF to a final volume of 20 l. All deoxynucleoside triphosphates (dNTPs) were present at a final concentration of 50 M. The reactions were terminated after 15 min by adding an equal volume of 100% formamide containing traces of bromophenol blue. The products were resolved in a 15% polyacrylamide-7 M urea gel. In this and subsequent assays, the gels were scanned with a phosphorimaging device (FLA 5000; FujiFilm).
Pico green assay. To measure Pico green activity, a 1ϫ final concentration of Pico green reagent was incubated with 50 nM dsDNA (31/18mer) in a buffer containing 10 mM Tris-HCl, 1 mM EDTA, pH 7.5, in a total volume of 200 l in a 96-well microplate, and fluorescence was measured ϳ2 min after the start of incubation, using a CytoFluor microplate reader. Samples were excited at 485 nm, and fluorescence intensity was measured at 520 nm. To determine if SSYA10-001 binds nucleic acids, various concentrations of the compound (0, 2.5, 5, 10, 20, and 40 M) were preincubated with 50 nM dsDNA (31/18-mer) for 10 min, followed by addition of a 1ϫ final concentration of Pico green reagent and immediate fluorescence measurement.
SARS-CoV replicon assay with RNA detection by RT-qPCR. The SARS-CoV replicon was prepared as described previously (4) . A Rep1b deletion mutant (most of the Rep1b region has been deleted) was generated by digesting and ligating the SARS-CoV replicon with Bsu361 at regions 16562 to 16565 and 29013 to 29016 of the SARS-CoV replicon. 293T cells were grown to 95% confluence in 35-mm-diameter plates and transfected with 4 g of SARS-CoV replicon, the SARS-CoV nonreplicative construct (NRC) (Rep1b deletion mutant), or mock plasmid by use of Lipofectamine reagent (Invitrogen) as directed by the manufacturer. Various concentrations of SSYA10-001 (0, 2.5, 5, 10, and 20 M) were added to the replicon-transfected cells and NRC-transfected cells. Total intracellular RNA was extracted at 48 h posttransfection (hpt), using TRIzol reagent (Invitrogen) followed by DNase I treatment to digest any remnant DNA. The extracted RNA was used as a template for reverse transcriptionquantitative real-time PCR (RT-qPCR) analysis of N gene mRNA synthesis (NC). The reverse primer URB-28630RS (5=-TGCTTCCCTCTGCGT AGAAGCC-3=), complementary to nucleotides 511 to 532 of the N gene, and the forward primer URB-29VS (5=-GCCAACCAACCTCGATCTCT TG-3=), spanning nucleotides 29 to 50 of the Urbani leader sequence, were used for amplification using a SuperScript One-Step RT-qPCR system with Platinum Taq DNA polymerase (Invitrogen), adhering to the manufacturer's specifications. This system is a real-time quantitative PCR system that utilizes Sybr green for detection and quantitation of the amplified DNA. The sequences for the forward and reverse primers for the amplification of U6 mRNA as an endogenous control were as follows: 5=CTCGCT TCGGCAGCACA-3= for the U6 forward primer and 5=-AACGCTTCAC GAATTTGCGT-3= for the U6 reverse primer. Primer pair amplification efficiencies were determined using 1:10 cDNA dilutions; test and housekeeping gene primer pairs with similar efficiencies were used for the qPCRs. Samples were normalized internally by using the cycle threshold (C T ) of the housekeeping gene U6 as follows: ⌬C T ϭ (C T NC) Ϫ (C T U6). This was followed by determination of the mean for each sample, since the reactions were performed in triplicate. The mean value for each sample was normalized to the mean value for the NRC-transfected cells by use of the following equation: In the presence of an active helicase, the two complementary strands are separated, allowing fluorescence detection of the fluorescein chromophore, whose excitation occurs at 495 nm and emission occurs at 520 nm. In the presence of a potential helicase inhibitor, the two complementary strands will not be separated; therefore, fluorescence will not be detected. quantity (RQ) values were calculated as follows: RQ ϭ 2 Ϫ⌬⌬CT . The RQ value for each sample was then normalized to the RQ value for the NRC (which is 1) in order to obtain percent relative RQ values. The data were graphed as percent relative replicon activities against the log values of the inhibitor concentrations (in M), using a dose-response curve in Graph-Pad Prism 5.0 (GraphPad Inc.). Data presented represent 3 independent experiments performed in triplicate.
RNA detection by RPA. Total RNA was obtained as described above. The RNase protection probes were generated by cloning SARS-CoV fragments from nt 7281 to 7431 (total of 150 nt) into the EcoRI and XbaI restriction sites of the T7/Sp6-driven pGEM-3Z transcription vector (Promega), followed by transcript generation through Sp6-controlled in vitro transcription with NTPs and radioactive UTP incorporation to obtain an antisense probe (43, 54) . The antisense probe generated was 182 nt long because of the extra 32 nt between the Sp6 transcription start site and the XbaI site of the pGEM-3Z vector. This was followed by DNase I treatment and RNA isolation using a phenol-chloroform RNA extraction protocol. RNase protection assays (RPAs) were performed at 55°C by overnight annealing of the newly generated probes with each of the total intracellular RNA samples containing different concentrations of SSYA10-001. This was followed by RNase A and T1 treatment of the annealed reaction mixtures. The reaction samples were analyzed in a 6% urea-polyacrylamide gel and visualized using a phosphorimager (FLA 5000; FujiFilm).
Assessment of cytotoxicity. We assessed the effects of the inhibitor on cellular viability by using a commercially available kit (Roche Diagnostics, Indianapolis, IN) that measures metabolism of XTT {2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hy-droxide}. XTT is a tetrazolium salt that is converted by mitochondrial succinate dehydrogenase to a soluble orange-colored formazan product which retains activity only in metabolically active cells. The amount of product is proportional to the number of living cells and can be quantified spectrophotometrically. The assay was performed in triplicate as described previously (14) . Briefly, human embryonic kidney (HEK 293T) cells were seeded to 90% confluence in a 96-well plate. Cells were incubated for 48 h with various concentrations of inhibitor (50 nM to 250 M) in a final volume of 100 l Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) and 50 g/ml penicillin G and streptomycin. Cells treated with Triton X-100 were used as a control for loss of cell viability. After the 48-hour incubation period, the medium was removed and replaced with phenol red-free medium. Twenty microliters of XTT was added per well, and cells were incubated for an additional 3.5 h. After incubation, the optical density at 450 nm was read by a plate reader, and the 50% cytotoxic concentration (CC 50 ) was determined by plotting the percent relative cell viability against the inhibitor concentration, using a sigmoidal dose-response curve in Graphpad Prism 5.0 (GraphPad Inc.).
Cell cytostatic assay. To assess the cytostatic effect of the compound, 7.5 ϫ 10 5 cells/well of HEK 293T cells were seeded in 6-well plates, and the cells were maintained in a final volume of 2 ml DMEM with 10% FBS and 50 g/ml penicillin G and streptomycin. SSYA10-001 (250 M) was added to each well, and the medium was changed daily, with fresh compound added each time. The cells were collected at 0, 12, 24, and 48 h, and viability was determined by the trypan blue exclusion method and counted on a hemocytometer (49) . To perform the trypan blue exclusion method, cell samples were diluted 1:1 in a 0.4% trypan blue solution. Blue cells were regarded as nonviable, while the viable cells were unstained. The mM HEPES, 20 mM NaCl, 0.01% BSA, 2 mM DTT, 5% glycerol, and 5 mM MgCl 2 . The helicase reaction was initiated by the addition of 100 nM 31/18-mer (13ss:18ds) as the substrate (Cy3 labeled) at 30°C, along with 0.5 mM ATP and a 2 M concentration of unlabeled ssDNA with a sequence complementary to that of the unlabeled DNA strand. The reactions were allowed to proceed for 10 min at 30°C, and the reaction was quenched with 100 mM EDTA, 0.2% SDS, and 20% glycerol. The products were separated and analyzed by 6% nondenaturing PAGE. (B) The IC 50 of SSYA10-001 was determined using the gel-based assay described for panel A with various concentrations of the compound (0, 2.5, 10, 20, 40, and 80 M). Reaction products were resolved and quantitated using ImageQuant software (Pharmacia). The fractions of unwound DNA (OE), RNA (), and SARS-CoV-specific RNA (}) were plotted against the concentrations of inhibitor, and the data were fit to dose-response curves by use of GraphPad Prism 5.0 (GraphPad Inc.) to determine the IC 50 
RESULTS

FRET-based helicase assay in 96-well plates.
To monitor the unwinding activity of nsp13, we used a fluorescence assay that utilizes a dsDNA substrate with two chromophores (fluorescein donor and black hole quencher acceptor) placed on opposite strands but near each other, on the 5= and 3= ends of the opposing strands (Fig. 2 ). An active helicase will separate the two strands, and a fluorescence signal will be observed as a result of photon emission from the fluorescein chromophore (6-carboxyfluorescein [FAM]). No fluorescence will be observed if there is no strand separation because the emitted photons from the fluorescein will be absorbed by the black hole quencher, thereby preventing the detection of fluorescein signals. The sequence of the reaction is shown in Fig. 2 . Fluorescence signals were detected at 520 nm (with excitation at 495 nm). To assess the quality of this assay, we determined the z factor to be 0.66 under our experimental conditions. This value suggests that this is an excellent assay, as described by Zhang et al. (72) .
Chemical library screening. Using the assay described above, ϳ3,000 compounds were screened from the Maybridge HitFinder chemical library, and we selected only two compounds (SSYA10-001 and SSYA10-002) that suppressed fluorescence by Ͼ50%. The positive hits may include compounds that affect the fluorescence of fluorescein and, as a consequence, are false-positive hits. Therefore, to rule out such false-positive results, we validated the compounds' ability to specifically inhibit nsp13's unwinding activity in a gel-based assay that utilizes fluorescently labeled nucleic acids. We found that SSYA10-001 inhibited the nucleic acid unwinding activity of nsp13 ( Fig. 3) , with almost 100% inhibition of the helicase activity at 20 M SSYA10-001. SSYA10-002 was considerably less potent. Hence, SSYA10-001 was characterized further with respect to nsp13's unwinding activity. The chemical structures and names of the compounds are shown in Fig. 4 .
Effect of SSYA10-001 on nsp13's unwinding activity on dsRNA substrate. We recently showed that nsp13 can unwind dsRNA and dsDNA equally well (2) . Since RNA is the biological substrate of nsp13, we monitored the effect of SSYA10-001 on nsp13's unwinding activity on dsRNA (31/18-mer) and SARS-CoV-specific dsRNA. As shown in Fig. 3B and Table 1 , SSYA10-001 had similar IC 50 s for the inhibition of nsp13's unwinding activity on dsRNA (31/18-mer), dsDNA (31/18-mer) , and SARS-CoV-specific dsRNA (IC 50 s of 5.70, 5.30, and 5.60 M, respectively).
SSYA10-001 specifically inhibits SARS-CoV helicase. To determine if SSYA10-001 is specific for nsp13 inhibition, we monitored and compared the effects of SSYA10-001 on the SARS-CoV nsp13, HCV NS3h, and dengue virus NS3 helicases. The result in Fig. 5A shows that SSYA10-001 inhibition of helicase activity is specific for the SARS-CoV helicase. Moreover, SSYA10-001 did not cause inhibition of RNA and DNA polymerases, including FMDV 3D pol, MoMLV reverse transcriptase, or KF (Fig. 5B) .
Kinetic mechanism of inhibition. To establish the mode of inhibition of nsp13 by SSYA10-001, we determined the kinetic mechanism of inhibition and the K i value. The Lineweaver-Burk plots in Fig. 6A and B each comprise a series of five lines (one for each inhibitor concentration) intersecting at the same point on the x axis (Ϫ1/K m ), which is a hallmark of noncompetitive inhibition (8, 51) . Hence, nsp13 inhibition by SSYA10-001 is noncompetitive with respect to both ATP and the nucleic acid substrate. The K i value for SSYA10-001 obtained from the Dixon plot (1/V versus [SSYA10-001] [data not shown]) was 6.0 Ϯ 1.7 M.
SSYA10-001 does not prevent DNA binding and ATP hydrolysis by SARS-CoV nsp13.
To determine whether SSYA10-001 inhibits the unwinding activity of nsp13 by interfering with nsp13's nucleic acid binding capability, we monitored the DNA binding of nsp13 in the presence and absence of various concentrations of SSYA10-001 and analyzed the reaction by using a gel shift mobility assay. As shown in Fig. 7A , SSYA10-001 did not affect the ability of nsp13 to bind DNA. Similarly, we assessed the ATP hydrolysis of nsp13 with an increase in the concentration of SSYA10-001; the result shows that hydrolysis of ATP by nsp13 is not inhibited by SSYA10-001 ( Fig. 7B ). SSYA10-001 does not chelate double-stranded nucleic acids. To rule out the possibility of SSYA10-001 binding the nucleic acid substrate, we performed a gel-based primer extension-strand displacement assay. We designed a blocker substrate as shown in Fig.  8A , with a 14-nt complementary strand acting as a blocker at the 5= end of the template strand. We then performed a primer extension assay with and without SSYA10-001 and with the Klenow fragment of E. coli DNA polymerase I (KF) (59) , which has both polymerase and strand displacement activities. The results in Fig. 8B demonstrate that SSYA10-001 does not prevent KF from performing its polymerization and strand displacement activities, suggesting that SSYA10-001 does not bind nucleic acids. To validate this assay, we conducted the same experiment as that described above, except that SSYA10-001 was replaced with Pico green, a known nucleic acid chelator, as a positive control. The result in Fig. 8C shows that Pico green interferes with the ability of KF to extend the primer and displace the blocker from the strand because of Pico green's DNA-chelating (minor groove-binding) ability. To further evaluate the possibility of SSYA10-001 binding to DNA, various concentrations of SSYA10-001 (0, 2.5, 5, 10, 20, and 40 M) were preincubated with dsDNA (31/18-mer) for 10 min, followed by addition of a 1ϫ final concentration of Pico green reagent and immediate fluorescence measurement. The fluorescence counts from Pico green interaction with the dsDNA did not change with increasing concentrations of SSYA10-001, suggesting that SSYA10-001 does not bind DNA (Fig. 8D) .
Inhibition of SARS-CoV replication by SSYA10-001. To monitor the effect of SSYA10-001 on the replication of SARS-CoV, we performed a SARS-CoV replicon assay as described in Materials and Methods. The SARS-CoV replicon and the NRC were cloned into a pBAC plasmid which contained a cytomegalovirus (CMV) promoter. To eliminate the possibility of SSYA10-001 inhibiting RNA polymerase II (RNA Pol II) or the CMV promoter, various concentrations of SSYA10-001 were added to the NRC-transfected cells; no difference was observed between the amounts of RNA synthesized in the presence and absence of SSYA10-001 in the NRC-transfected cells (data not shown). Hence, the amount of DNA amplicon measured from the nonreplicative construct was regarded as the background, and as a result, the amount of DNA amplified from the SARS-CoV replicon was normalized with the quantified DNA amplicon from the nonreplicative construct after normalization of all samples to the C T counts of the housekeeping gene, U6, as a control. The average raw C T count for the SARS-CoV replicon without compound was ϳ21, compared to an average of ϳ28 for the NRC before normalization to the C T count of U6 (ϳ18). Following normalization to U6, with additional normalization to NRC and using the 2 Ϫ⌬⌬CT value to obtain the RQ, the amount of DNA amplified from the SARS-CoV replicon was ϳ100-fold in excess over the amount of DNA amplicon amplified from the NRC. We performed these experiments with the SARS-CoV replicon in the presence and absence of various concentrations of SSYA10-001, and as shown in Fig. 9A and Table 1 , SSYA10-001 inhibited SARS-CoV replication, with an EC 50 of 8.95 M. To confirm this result, we performed RPAs as described in Materials and Methods to further monitor the amount of RNA synthesized in the presence of various concentrations of SSYA10-001. As shown in Fig. 9B , SSYA10-001 interfered with SARS-CoV replication.
Evaluation of cytotoxicity. SSYA10-001 was evaluated for its effect on cell viability in the XTT cell viability assay. HEK 293T cells were incubated with various concentrations of SSYA10-001 for 48 h. No cytotoxicity was observed for SSYA10-001 at 250 M ( Table 1 ). We therefore estimated that the CC 50 of SSYA10-001 is Ͼ250 M. To investigate the cytostatic effect of SSYA10-001, we conducted a cell cytostatic assay as described in Materials and Methods, and as shown in Fig. 10 , SSYA10-001 did not interfere with the proliferation of HEK 293T cells.
DISCUSSION
Helicases are motor proteins that unwind double-stranded nucleic acids into two single-stranded nucleic acids by utilizing the energy derived from nucleotide hydrolysis. Helicases may unwind dsDNA and/or dsRNA substrates and may be active as monomers or multimers (6, 36-38, 42, 47, 48) ; they may also be involved in protein-protein interactions (69) and interactions with host factors (10) . Hence, they are valid antiviral targets that have yet to be a 3=-end primer is annealed with a complementary strand at the 5= end. Primer extension can take place only in the presence of a polymerase with strand displacement activity, such as KF. The presence of a dsDNA chelator such as Pico green will prevent strand displacement and therefore prevent primer extension. (B and C) Various concentrations of SSYA10-001 (0, 5, 10, and 20 M) (B) and Pico green (1ϫ, 2ϫ, and 3ϫ) (C) were preincubated with 20 nM 13ds:4ss:18ds DNA substrate in a mixture including 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 5% glycerol, and a 50 M concentration of each dNTP. The reaction was initiated by the addition of 20 nM KF at 37°C for 10 min, and the reactions were resolved and analyzed in a 15% polyacrylamide-7 M urea gel. (D) Various concentrations of SSYA10-001 (0, 2.5, 5, 10, 20, and 40 M) were preincubated with dsDNA (31/18-mer) for 10 min, followed by addition of a 1ϫ final concentration of Pico green reagent and immediate fluorescence measurement. The percent relative fluorescence was plotted against the concentration of the inhibitor, and the data were fit to dose-response curves by use of GraphPad Prism 5.0 (GraphPad Inc.). Experiments were performed in triplicate in two independent experiments. explored, in part because some inhibitors of helicases may also be competitive inhibitors at the ATP binding site or bind nonspecifically at the nucleic acid binding cleft of other host cellular proteins, such as cellular kinases, which are required for normal cellular metabolism.
Although helicases act as molecular engines that unwind nucleic acids during replication, recombination, and DNA repair (19) , recent reports have shown that they could also be required for other biological processes, such as displacement of proteins from nucleic acids, movement of Holliday junctions, chromatin remodeling, catalysis of nucleic acid conformational changes (11, 17, 21, 32, 67, 68) , several aspects of RNA metabolism (including transcription, mRNA splicing, mRNA export, translation, RNA stability, and mitochondrial gene expression [66] ), and viral replication (13, 56, 65) . As a result, they are potential targets for treatment of diseases, including neoplastic diseases and viral infections (24, 30, 57) . Nonetheless, to our knowledge, there are currently no approved drugs that target any viral, bacterial, or host helicase.
Other studies have previously identified potential inhibitors of the SARS-CoV helicase, nsp13 (23, 31, 62, 71) . Some of these inhibitors have not been evaluated in cell-based studies, and their effects on the dsRNA unwinding activity of nsp13 have yet to be determined. In addition, the mechanism of action for most of these compounds is unknown. Ideally, a compound that targets a viral helicase should block viral replication without affecting cellular functions. For example, compounds that prevent nucleic acid binding are likely to interfere with the functions of related cellular enzymes and would not be suitable for therapeutic purposes. In addition, compounds that might interfere with binding and/or hydrolysis of ATP may also interfere with the ATPase activity of other cellular ATPases or kinases and cause adverse side effects. In that respect, previously reported nsp13 inhibitors shown to interfere with both unwinding and ATPase activities of nsp13 are likely to impede normal cellular activities.
In this study, we used a FRET-based screening assay for the identification of SARS-CoV helicase inhibitors in the Maybridge Hitfinder chemical library of compounds. This chemical library contains ϳ14,000 compounds that follow Lipinski's rule of five, an empirical rule that is used to evaluate "drug-likeness" and potential for oral bioavailability in humans (35) . This assay utilized a preliminary screening concentration of 20 M, and the preliminary candidate compounds were selected based on their ability to . Total RNA was isolated at 48 h posttransfection and analyzed by RT-qPCR with specific oligonucleotides to detect N gene mRNA. Triplicate RT-qPCR products were amplified in parallel. The average N gene mRNA quantity for each concentration was normalized internally by using the C T of the housekeeping gene U6. Samples were additionally normalized to the NRC controls, and the RQ value for each sample was obtained using the relative quantity method (2 Ϫ⌬⌬CT ). The RQ value for each sample was then normalized to the RQ value of the NRC (which is 1), and the data were graphed as percent relative replicon activities against the log inhibitor concentrations (in M) by use of a dose-response curve in GraphPad Prism 5.0 (GraphPad Inc.). Experiments were repeated three times, and error bars represent standard deviations for triplicate samples. (B) HEK 293T cells were mock transfected or transfected with the SARS-CoV replicon or a nonreplicative construct by use of Lipofectamine 2000 (Invitrogen) in the presence of various concentrations of SSYA10-001 (0, 5, 10, and 20 M). Total RNA was isolated at 48 h posttransfection. An RNase protection assay was performed by overnight annealing of the newly generated probes with the total intracellular RNA, followed by RNase A and T1 treatment of the annealed reaction mixture. The reaction samples were analyzed in a 6% urea-polyacrylamide gel and visualized using a phosphorimager (FLA 5000; FujiFilm). Lanes: P, the probe by itself; MT, mock transfection; NR, sample from the nonreplicative construct. The probe was 182 nt long because of the extra 32 nt between the Sp6 transcription start site and the XbaI site of the pGEM-3Z vector.
FIG 10
Cytostatic effect of SSYA10-001. HEK 293T cells (7.5 ϫ 10 5 ) were treated with 250 M SSYA10-001. The medium was changed and fresh compound added daily. Viability of the cells was assessed every 12 h through 48 h by trypan blue exclusion. The number of viable cells counted was plotted against time, using Graphpad Prism 5.0 (GraphPad Inc.). Experiments were performed in triplicate, and error bars represent standard deviations for triplicate samples. , 250 M SSYA10-001; , 0.2% DMSO control. reduce fluorescence activity by more than 50%. The preliminary candidates were validated with the traditional "all-or-none" gelbased helicase assay (Fig. 2) , which directly monitors the final product of the reaction (ssDNA or ssRNA) (3, 15, 18, 34, 39) . Two compounds were found to inhibit SARS-CoV helicase activity. However, only one (SSYA10-001) was selected for further characterization due to its potency.
Activity of SSYA10-001 against SARS-CoV replication was confirmed by demonstrating that SSYA10-001 reduced the levels of SARS-CoV RNA in replicon-transfected cells, with an EC 50 of ϳ9 M ( Fig. 9 and Table 1 ). Further cytotoxicity measurements indicated that the CC 50 for SSYA10-001 was Ͼ250 M. Since the antiviral activity of the compound is ϳ9 M, the selectivity index (CC 50 /EC 50 ) is ϳ30. Currently, we are assessing analogs of this original compound to identify compounds with improved antiviral properties. SSYA10-001 is a derivative of the triazole group. Some derivatives of triazole consist of compounds that have been shown to have high bioavailability (55) , with some of them demonstrating anti-inflammatory, antimycobacterial, antimicrobial, anticonvulsant, and analgesic activities (1, 9, 22, 26, 27, 29) . Interestingly, a triazole-3-thione compound which is closely related to SSYA10-001 was shown to be a potent antithyroid compound with low toxicity (28) . All of these properties of closely related compounds of SSYA10-001 suggest that this compound may be a promising druggable lead that can be an effective antiviral agent that could potentially exhibit good pharmacokinetics.
To determine the specificity of SSYA10-001 and to eliminate the possibility that it promiscuously binds other nucleic acid binding proteins, we assessed its effects on the enzymatic activities of several viral or bacterial polymerases and helicases. These included two other viral helicases (HCV NS3 and dengue virus NS3), a retroviral reverse transcriptase (MoMLV RT), a viral RNA polymerase (FMDV 3D pol), and a bacterial DNA polymerase. Our results demonstrate that SSYA10-001 is specific for SARS-CoV helicase inhibition (Fig. 5 ). Hence, SSYA10-001 does not bind nonspecifically to dNTP or NTP binding pockets of polymerases, NTP binding pockets of helicases, or nucleic acid binding domains of polymerases or helicases. These results are consistent with our kinetic studies demonstrating that SSYA10-001 does not competitively inhibit the binding of nucleic acids and ATP to nsp13 ( Fig. 6A and B) .
Since our results show that SSYA10-001 does not inhibit nsp13's binding and hydrolysis of nucleic acids and ATP, coupled with the fact that SSYA10-001 does not bind the nucleic acid substrate, it is likely that SSYA10-001 inhibits unwinding by affecting conformational changes during the course of the reaction or translocation on the nucleic acid.
Given the high homology between SARS-CoV helicase and other coronavirus helicases (ϳ70%) (data not shown), SSYA10-001 may also inhibit several coronaviruses that cause human disease, including but not limited to HCoV-229E and NL63. Further studies are under way to evaluate these predictions.
In conclusion, we have identified small-molecule inhibitors of SARS-CoV replication that block the helicase activity of nsp13. SSYA10-001 will be used to study the role of helicases in coronavirus replication, which could be a model for other nidoviruses. It may also serve as a lead for the development of antivirals for the treatment of SARS-CoV infections.
